The dependence of the turnover frequency on the linear size is presented for a sample of GPS and CSS radio sources derived from complete samples. The dependence of the luminosity of the emission at the peak frequency with the linear size and the peak frequency is also presented for the galaxies in the sample. The luminosity of the smaller sources evolve strongly with the linear size. Optical depth effects have been included to the 3D model for the radio source of Kaiser (2000) to study the spectral turnover. Using this model, the observed trend can be explained by synchrotron self absorption. The observed trend in the peak-frequency -linear-size plane is not affected by the luminosity evolution of the sources.
INTRODUCTION
The current consensus is that the Compact Steep Spectrum (CSS) and Giga-hertz Peaked Spectrum (GPS) sources are young radio sources, evolving in the Inter-Stellar Medium (ISM) of the host galaxy (cf. Fanti et al. 1995; Carvalho 1998; O'Dea 1998; Murgia et al. 1999; Jeyakumar et al. 2005) . These classes of radio sources provide the opportunity to study the evolution of the radio sources in their youth and the interaction of the radio jets and lobes with the material in the ISM. The GPSs are selected based on the turnover in the spectrum. Although the CSSs are not selected based on such a turnover, the spectra of most of the CSSs show either a turnover or flattening at very low frequencies (Fanti et al. 1990 ). The processes that can produce turnover in the spectrum are synchrotron self-absorption (SSA), free-free absorption (FFA) and Induced Compton Scattering (ICS) (O'Dea & Baum 1997; Bicknell et al. 1997; Kuncic et al. 1998 ). Studies of a few individual sources report evidence of FFA in them (Bicknell et al. 1997; Xie et al. 2005; Kameno et al. 2003b,a) . Mutoh et al. (2002) find that the polarisation properties are not according to the trend expected from SSA. However using a sample of GPS galaxies Snellen et al. (2000) find that the turnover is consistent with SSA.
The intrinsic turnover frequency (ν peak ) is found to be anti-correlated with the linear size (LS) of the source, in ⋆ E-mail: sjkastro.ugto.mx the complete samples of CSS and GPS sources (O'Dea & Baum 1997, hereafter OB97; Fanti et al. 1990) . It has been shown that FFA by the material ionised by the fast moving cocoon of the young radio source can explain this trend (Bicknell et al. 1997) . Alternatively, using a model for the evolution of the source O' Dea & Baum (1997) could predict such an anti-correlation using a simple homogeneous SSA model. However the observed trend is flatter than that predicted by SSA. This could be due to the evolution of the luminosity of the radio source resulting in the observed trend (O'Dea & Baum 1997) or due to the picture of SSA by a homogeneous medium being too simple. So, in this work a 3D model is used to study the effects of the evolution of the radio source on the observed trend in the ν peak -LS plane, in the context of SSA. New samples of GPS and CSS sources have become available in recent years which have been used to extend the ν peak -LS plane. In addition, the luminosity evolution of the sources is also studied. The sample of sources is described in Section 2. The SSA model and the model results are described in Sections 3 and 4 respectively. A summary of the results is presented in Section 5. tral index and is not necessary to have a turnover in the spectrum. Since the aim here is to study the turnover in the spectrum, only those CSS sources with a clear turnover or flattening of the spectrum at low frequencies are considered here. In the case of flattening of the spectrum at low frequencies, the measurement at the lowest available frequency is chosen as the turnover frequency. Those CSSs, mostly from the B3-VLA CSS sample, which show a curvature at low frequencies without a clear flattening are also not considered here (Fanti et al. 2001) . Variability studies of the GPS sources have shown that most of the quasars identified as GPSs may not be genuine peakers, but flaring blazars Tornikoski et al. 2001) . To avoid such sources affecting the results, only those GPS catalogues for which structural information is available for most of the sources are considered. However galaxies from the GPS catalogues are considered to study the dependence of the ν peak with L peak (luminosity at the peak frequency) even if the structural information is not available (cf. . The samples of CSS and GPS sources used here are described below. (C) The Fanti et al. (1990) sample of CSSs from the 3C catalogue. The sources in this sample which do not follow the above criteria are, 3C43, 3C186, 3C190, 3C303.1, 3C305.1 and 3C455. These sources have been removed from the current sample. (S) The Stanghellini et al. (1998) sample of GPSs. These two samples are well studied. The sources from these samples are listed in O' Dea & Baum (1997) . (F) The B3-VLA sample of CSS sources (Fanti et al. 2001) . Information on the structure of the sources is available for most of the sources (Dallacasa et al. 2002a,b) . (W) The sample of GPS galaxies from the WENSS catalogue (Snellen et al. 2000) . (A) The sample of CSS and GPS sources in the southern sky (Edwards & Tingay 2004) . From this sample only those galaxies listed in are considered. (P) The sample of confirmed CSOs (Peck & Taylor 2000; Gugliucci et al. 2005) are also used for this study irrespective of the liberal selection criteria on the spectral index, since the CSOs are known to be young radio sources (Readhead et al. 1996; Owsianik & Conway 1998; Gugliucci et al. 2005) . In this sample, some of the sources show flat spectra (see below) making it difficult to estimate the turnover frequencies. Such sources have been removed from the current sample. (D) The galaxies from the sample of High Frequency Peakers (Dallacasa et al. 2000) listed in . (H) The sample of GPS galaxies from the Parkes half-Jy catalogue (Snellen et al. 2002) . (B) The galaxies from the Bolton et al. (2004) sample of GPS sources listed in . (L) The GPSs from the CORALZ sample (Snellen et al. 2004) .
For the sources in the samples (C), (P) and (F) the flux density measurements available in the literature (from NED and the CATS database) have been used to fit the spectrum as described in Steppe et al. (1995) . The values of ν peak and S peak (flux density at the peak frequency) estimated from this fit are listed in the tables.
Of these samples (H), (B) and (L) have been used to study only the dependence of ν peak with L peak , since infor- Table 2 . The columns are arranged as follows: column 1: source name; column 2: master sample; column 3: optical id; column 4: redshift ; column 5: largest angular size (LAS) in arc seconds; column 6: observed ν peak in MHz ; column 7: S peak in Jy; column 8: log of L peak in W/Hz/Sr ; column 9: references to LAS, ν peak and S peak . Sources appearing on many samples are counted only once. A redshift of 1.5 is assumed for those sources without any redshift measurement. The cosmological constants used here are, H0 = 75 kms −1 Mpc −1 and q0=0.0. Other samples of CSS and GPS sources available in the literature are, the CSS sources from the FIRST catalogue (Kunert et al. 2002) , the weak CSSs (Tschager et al. 2003) , the B2 sample of CSSs (Saikia et al. 2002) , the sample of CSSs from the S4 sample (Saikia et al. 2001 ) and the sample of GPSs from the JVAS sample (Marecki et al. 1999) . Since the optical identification or structural information is less complete in these catalogues, they are not considered here.
The combined sample consists of a total of 203 sources of which 150 are CSS/GPS sources and 53 are GPS galaxies. The sample size used in the present study is about three times larger than OB97 sample of sources. The upper ranges of redshift, linear size and peak luminosity are similar in both the samples. There are only three sources with large rest frame peak frequency in the current sample. The lowest redshift in this sample is 0.004 as compared to 0.08 in the OB97 sample. However the present sample extends the range of linear sizes by an order of magnitude lower to about 0.65 pc and the peak luminosity by 2.5 orders of magnitude lower than the OB97 sample.
MODEL FOR SPECTRAL TURNOVER
It is well known that SSA can produce turnover in the spectrum. The ν peak occurs at a frequency where the SSA optical depth becomes unity. The SSA optical depth, τSSA = ανR, where R is the path length through the source and αν is the synchrotron self absorption coefficient which is given in Eqn. 2. The τSSA depends on the electron number density, the magnetic field and the path length, which all vary as the source evolves. Thus a model for the evolution of the radio source is required to understand the evolution of ν peak with LS.
In the recent years, semi-analytical models of dynamical and spectral evolution of classical radio sources have been constructed (Kaiser & Alexander 1997, hereafter KA; Kaiser, Dennett-Thorpe & Alexander 1997, hereafter KDA; Kaiser 2000, hereafter K00; Blundell et al. 1999; Manolakou & Kirk 2002) , based on self-similarity (Falle 1991) . These models provide a very useful tool to study the evolution of radio emission from the radio sources evolving in a power-law ambient medium. Of these models, K00 provide a method of constructing the 3-dimensional emissivity of the cocoon (see also Chyzy 1997) .
Here, 3-dimensional synchrotron self-absorption coefficient, αν, has been constructed using the approach of K00. This has been used to evolve the radio spectrum with the age of the source, including synchrotron self absorption. The method employed here and the parameters involved are described below. The radio source with jet power, Q0 evolves in an ambient medium of density ρ(Lj) = ρ0a
where Lj is the length of the jet. The explicit expressions for the length Lj is given by KA. The synchrotron emissivity of a small volume element which was injected into the cocoon at time ti and has evolved to the present time t, can be written as
where u b (t, ti) is the energy density of the magnetic field and n(γ, t, ti) is the electron energy spectrum. The synchrotron self absorption coefficient is,
where K0 is a constant (Shu 1991) . The scaling factor n0 = n(γ, t, ti)/γ −p , where p is the power-law energy index of the electrons. The lower and upper bound of the γ factor at injection are γmin and γmax respectively.
The equations for quantities u b , n(γ) injected at time ti and their evolution to the present time t are given in KDA. In order to construct a 3D model, K00 uses a specialised geometry for the cocoon and assume that the volume element injected at time ti is located at l (in units of Lj ) as a thin cylindrical volume of thickness δl and radius rc(l, α1, α2) (equation 12 of K00). The location of the cylindrical volume element l is given by (ti/t) α 3 . Since all the δl have to add up to the length of the jet, the constant α3 can be calculated self consistently for the assumed geometry parameters α1 and α2, using the equation 15 of K00.
Using the above approach, ǫν and αν are obtained at the position (l, y), where y is the perpendicular distance from the jet axis. These quantities are assumed to be axisymmetric with respect to the jet axis. If the source is viewed edge-on, the path length for a ray passing through the position (l, y) is, R(l, y) = 2 (rc(l) 2 − y 2 and rc(l) is the cocoon radius at l. The surface brightness, including the optical depth effects, along this ray can be written as,
The total emission from the cocoon, obtained by integrating over the surface, is given by
Here l low depends on whether that part of the cocoon can have electrons with γ corresponding to the given frequency, had that value at injection been γmax. In the model of KA, the jet length has to be large enough to allow for the pressure balance between the cocoon and the jet that passed through the re-confinement shock. For a source size of 10 pc and β = 1.9 the ratio of the location of the re-confinement shock to the length of the jet, R conf , is about 0.1. Thus the jet length is much larger than the location of the re-confinement shock and the model results can be applied to such sources. However, the density at the inner region of the host galaxy is not expected to vary as steeply as in the outer regions. A realistic situation is a Taylor & Vermeulen (1997) ; (3) Fanti et al. (2001) ; (4) Peck & Taylor (2000) ; (5) Gugliucci et al. (2005) ; (6) Xu et al. (1995) ; (7) Taylor et al. (1994) ; (8) Taylor et al. (1998) ; (9) Snellen et al. (2000) ; (10) Edwards & Tingay (2004) ; (11) Henstock et al. (1995) ; (12) Kameno et al. (2001) ; (13) Tingay et al. (2003) ; (14) Ojha et al. (2004) ; (15) Xiang et al. (2002) ; (16) Stanghellini et al. (1999) ; (17) Polatidis et al. (1995) ; (18) Kellermann et al. (1998) ; (19) Dallacasa et al. (2000) ; (20) Stanghellini et al. (1998) ; (21) King type profile with a constant density core. The models with shallower density profile β ∼ 0.0 are a good representation for the smaller sources. For R conf of about 0.3 and β of 0.0 and 0.5 the size of the source is about 150 and 50 pc respectively. Therefore at smaller sizes the model results are to be treated as extrapolation of the trend at larger sizes.
Alexander (2000) has presented a method of switching from one power-law model to another that can apply to evolution from smaller to larger sources and has shown that the luminosity from different models match very close to the point of switching. It turns out that the location where the pressure from different models match is same as the location where the analytical luminosities of Alexander (2000) match. So model results are also considered by switching from β = 0 model to β = βouter at the distance where the pressure of the cocoon of different power-law models match. For βouter = 1.9, the pressures match at Lj = 1.22 a0. Although, all the quantities involved in estimating the luminosity of the source are related to the pressure, the continuity of the evolutionary tracks in the ν peak -L peak or the ν peak -LS plane is not guaranteed. In addition, the evolutionary history of the energy of the electrons of the two power-law models are different. However it can be seen from Fig. 2 that indeed the luminosity and the ν peak are very close to each other at the switching point, but not exactly the same. Results obtained using this approach are also presented in the next section.
RESULTS
The model spectrum is obtained by numerically integrating Eqn. 4. The geometry parameters used in the model calculations are, α1 = 2 and α2 = 1/3. A very high value is chosen for γmax and γmin = 1.0. In addition, the value of the hotspot to the cocoon pressure is taken as 4R 2 T , where RT = 2. Other parameters assumed for the model calculations correspond to the case-2 of KDA. The model spectrum is presented in Fig. 1 , for a radio source of size 1, 2 and 10 kpc for β = 1.9. The figure shows that the ν peak shifts to low frequencies as the source grows in size. The spectral index at the optically thick side of the spectrum is about 5/2. The point at which the pressure of the cocooon of the models with β = 0 and 1.9 match, corresponds to a source size of 4.88 kpc. The model spectrum for a source with this size is presented for β = 0 and 1.9 in Fig. 2 . This figure shows that the spectra from the two different power-law models are indeed close to each other.
Dependence of ν peak with LS
The value of ν peak is plotted against the LS in Fig. 3 , for the quasars and the galaxies from the combined sample listed in Table 2 . The meaning of the different symbols are explained in the caption. A linear fit to all the data gives a slope of -0.51±0.03, which is shown as thick solid line in the figure. A linear fit to only the galaxies give a slope of -0.50±0.04. The slope obtained with the new sample is somewhat flatter than the slope of -0.65±0.05 obtained by O'Dea & Baum (1997) .
The same dependence calculated using the current model is also plotted in Fig. 3 for jet powers of, 1 × 10 37 , 1.3×10 38 , 1.3×10 39 , 1.3×10 40 and 5×10 40 W. These curves fit the data well. The slope of the model curves for β = 1.9, is about -0.85. For β = 0 the slope of the model curve is -0.56 which is close to the linear fit to the observed data. These results suggest that SSA can explain the turnover in the spectrum and the observed trend in ν peak -LS plane can be explained by SSA alone. The sources evolve from GPS to CSS in the ν peak -LS plane and do not leave this plane during the evolution. However large CSS sources with low jet power may not show turnover in the observable frequency range and may leave this plane during the later stages of evolution.
Using the radio source model of Begelman (1996) and assumption on the variation of the magnetic field, B, O'Dea & Baum (1997) predict a slope from -1.65 to -1.8 depending on their model parameters. The is steeper than that given by this model. Interestingly the slope predicted by (Bicknell et al. 1997) for the case of FFA, for β = 1.9 is about -0.91. This is very similar to the slope predicted by the current model with β = 1.9. For β = 0.0, the current model prediction fits the observed trend well. It is not possible to favour any one mechanism from this slope alone. However, if both mechanisms are at work, then the spectral index on the optically thick side is expected to be steeper than that predicted by either of the mechanisms. Although in general this is not the case, it is interesting observationally. Detailed modelling of the spectrum of high resolution observations of a few GPS sources suggest that both mechanisms could be at work (Xie et 
Luminosity evolution
The vaule of L peak is plotted against the LS in Fig. 4 . for sources from Table 1. Since the luminosities of the quasars are affected by the beaming effects, only galaxies are plotted in the above diagram. The figure shows that the L peak increases with the LS for the sources with sizes less than about 1 kpc. Beyond this size the L peak does not vary with LS. A parabolic fit to the data (not shown here) clearly shows a flattening at large sizes. A linear least squares fit to the data for log(LS) smaller than -0.5 is shown as thick solid line. The slope of the fit is 1.8±0.2. The results from the model are also plotted in the figure for the same parameters used in the above section. The slope of the model curves at smaller linear sizes for Q0 = 1.3 × 10 39 W and β of 0 and 1.9 are 0.94 and 1.41 respectively. The slope is higher for higher jet powers. This trend is also consistent with the prediction of Snellen et al. (2000) . Although the trend shown by the model curves are in agreement with the observed trend, the observations suggest a steeper evolution than the model prediction.
It is possible to study this luminosity evolution in the L peak -ν peak plane, where all the GPSs without angular size estimates can be used. This will increase the number of sources with very high frequencies or correspondingly small linear sizes. The dependence of L peak with ν peak is shown in Fig. 5 for all the galaxies. The figure shows a trend of L peak decreasing with ν peak . The relations ν peak ∝ LS −0.51 and L peak ∝ LS 1.8 obtained from the least squares fits above can be translated to L peak ∝ ν peak −3.5 . This trend is shown as a thick solid line. Such a trend is expected for a power-law electron energy spectrum since the γ of the electrons corresponding to the ν peak is higher and the electron density is lower for higher γ values. However the slope expected from this argument is the spectral index α which is smaller than the least squares fit. The curves of the model results are plotted for the same parameters used for the model curves in Fig. 3 . The model curves show that the peak luminosity decreases with increasing ν peak for values of ν peak > νcut. The value of νcut is the turnover frequency expected for a source size of about 1 kpc. For smaller ν peak values corresponding to larger sources the L peak is almost constant. The slope of the model curves for β = 1.9 and 0 is -1.58 and -1.67 respectively. This reflects the same trend seen in the L peak -LS plane. Most of the sources in this diagram can be bound by curves corresponding to jet powers between 1.3 × 10 37 and 5 × 10 40 W. The observed trend and the model curves suggest that the luminosity increases as the source evolves from GPS to CSS and it is unlikely to observationally miss the CSS sources due to evolution. However it is possible to miss the smaller GPSs since they will appear more fainter at the frequencies away from the ν peak . These missing sources do not affect the trend seen in Fig. 3 .
CONCLUSIONS
The dependence of ν peak with linear size is presented for the CSS and GPS sources derived from complete samples available in the literature. The ν peak is anti-correlated with the linear size, as ν peak ∝ LS −0.51 for this sample. The sources evolve in luminosity as they grow in linear size. The L peak increases with the LS of the source for sizes smaller than about 0.3 kpc, as L peak ∝ LS 1.8 . Beyond this size the L peak is almost constant. This luminosity evolution is seen in the L peak -ν peak plane also. Optical depth effect has been included to the 3D model of K00. Using this model the observed dependence of the ν peak with linear size and L peak can be explained. These results suggest that synchrotron self absorption can explain the turnover in the young radio sources. The luminosity evolution does not affect the trend seen in the ν peak -LS plane.
